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Introduction 
A natural cell membrane is a fluid bilayer, containing a variety of lipids and proteins. The 
membrane is dynamically stable and heterogeneous, and both properties are closely related to the 
structural features of lipids.  A typical example, where the topology of lipids affects the stability of 
vesicles, is seen in natural systems.  It is well known that lipids in eukaryotic membranes contain 
untethered double hydrocarbon chains.  Indeed, archaeal cells containing macrocyclic lipids in its 
membrane can survive under extreme conditions, while eukaryotic cell, containing noncyclic lipids 
in the membrane, can not survive in harsh environments.  When the hydrophobic alkyl chains 
are tethered by a C−C bond at the terminus, it is considered to restrain the conformational change 
from the trans to gauche geometry, which is advantageous in terms of stability.  This finding gave 
an incentive to investigate the topological effect of synthetic amphiphiles, namely, the difference in 
the stability of vesicles between the amphiphiles with tethered and untethered hydrophilic parts.  
Because polyethylene glycol (PEG) chain is a common hydrophilic block and its gauche to trans 
conformational change at C−C bonds can be affected by topologies of molecules, the issue how the 
topology of molecule influences the vesicular stability, in cases of cyclic and bola amphiphiles 
containing PEG chains, was studied in detail.  In addition, the heterogeneity of the cell 
membrane caused by coexistence of different lipid membrane phases, is another issue of 
importance.  The lipid phases can adopt different phases such as solid-ordered phase, 
liquid-ordered phase, and liquid-disordered phase depending on the temperatures and the 
quantity of cholesterol.  The distribution of cholesterol in different lipids under physiological 
condition causes phase separation and induces the formation of lipid raft, which is described as 
sphingolipid-cholesterol enriched microdomain floating in the liquid-disordered membrane. While 
raft formation in the model membranes have intensively been investigated so far, studies on the 
domain formation by synthetic lipids are rare.  Thus domain formation by non-symmetric 
hydrocarbon and fluorocarbon-containing amphiphiles is also investigated. 
 
Results and discussions 
(1) Topological effect of PEG-containing cyclic and bola amphiphiles on vesicular stability 
A pair of cyclic and bola amphiphiles, containing thermo-responsive PEG chain as the hydrophilic 
part and chiral fluorescent unit as hydrophobic core, were synthesized.  Dynamic light scattering 
(DLS) measurements and cryo-transmission electron microscopic (CryoTEM) observations 
indicated that the cyclic and bola amphiphiles form small unilamellar vesicles (SUVs) in an 
aqueous medium.  Circular dichroism spectroscopy displayed strong split Cotton effects 
corresponding to the self-assemblies of the cyclic and bola amphiphiles.  Upon temperature 
elevation, the bola amphiphile showed essentially unchanged DLS profile and significant split 
Cotton effect even at 90 °C.  In contrast, the light scattering of the cyclic amphiphile in water 
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became too weak to be analyzed and the split Cotton effect also disappeared at temperatures 
higher than 60 °C, suggesting the collapse of the SUVs.  Thus, it is demonstrated that the bola 
amphiphile forms a more stable SUV than the cyclic one.  In order to clarify the topological effects 
of the amphiphiles on the vesicular stability, surface pressure−area isotherm and variable 
temperature 13C NMR were measured.  It was indicated that the large molecular area and gauche 
to trans conformational change at the PEG chain of the cyclic molecule are likely responsible for 
its lower thermal stability of the SUV.  Thus, it is demonstrated that amphiphiles containing 
PEG chains with different topologies can show contrastive stability of the vesicles to the natural 
lipid systems. 
(2) Domain formation by non-symmetric hydrocarbon-containing amphiphiles 
Inspired by the natural lipid rafts which are induced by the immiscibility of two structural 
different lipids, non-symmetric hydrocarbon amphiphiles were synthesized in order to achieve the 
domain formation in DOPC membrane at liquid-disordered phase.  The hydrophobic core consists 
of two blocks, diphenylacetylene (DPA) unit which is capable of forming π–π stacking and 
saturated hydrocarbon chain, a common hydrophobic moiety in the natural lipids.  On the other 
hand, DOPC, a natural lipid, bears two same unsaturated alkyl chains.  The kinks in the alkyl 
chains weaken van der Waals interactions.  By virtue of this non-symmetric molecular design, 
when mixing the molecule with DOPC, phase separation or domain formation possibly occurs.  
Indeed, cyclic hydrocarbon-containing amphiphile likely showed phase separation in DOPC large 
unilamellar vesicles as well as DOPC giant vesicles.  
(3) Domain formation by non-symmetric fluorocarbon-containing amphiphiles 
Fluorocarbon chains are more hydrophobic than hydrocarbon chains because of low dielectric 
constants. Additionally, it is lipophobic due to the weak van der Waals interactions among 
fluorocarbon and hydrocarbon molecules.  By substituting the hydrocarbon chain with a fluorocarbon 
chain in the amphiphiles reported in Chapter 3, non-symmetric fluorocarbon-containing amphiphiles 
were synthesized with an expectation that it is more efficient to form domains in lipid membranes.  In 
this case, the formation of domains after the heating-cooling processes was indicated. 
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論文審査の結果の要旨 
 
 
 
 
 水中で両親媒性化合物が形成するベシクルは、細胞膜モデルとして様々な分野で関心を集めて
きた。特に、近年細胞膜の詳細な構造が明らかになるにつれ、合成分子による構造制御の重要性
が益々高まってきている。このような背景から本論文は、特に両親媒性分子のトポロジーと、こ
れが形成する二分子膜の物性との相関について安定性およびドメイン形成という２つの観点から
着目し、所望の性質を有する二分子膜を与える合成脂質の設計指針の確立を目指した研究成果に
ついて述べている。本論文は以下に示す第１章から第５章により構成されている。 
 第１章では、本研究を実施するに至った背景について、生体系における両親媒性分子のトポロ
ジーと細胞膜安定性との相関、二分子膜における相分離構造に関する基礎的知見、水溶性部位と
して用いた単分散ポリエチレングリコールの基本的物性に焦点をあて解説している。第２章では、
単分散ポリエチレングリコールにより２つのリン酸部位を架橋した双頭型環状両親媒性分子とそ
の直鎖状対照分子について、これらの合成手法を確立し、これらが形成する二分子膜の安定性を
詳細に調べており，環状分子の方が直鎖状分子より安定性の低い二分子膜を与えるという極めて
興味深い結果を得ている。第３章では、前章の分子設計をもとに、疎水部の構造を非対称にした
双頭型両親媒性分子を合成し、これらが天然脂質が作る二分子膜中でドメイン構造を形成するこ
とを見出している。第４章では、前章の分子設計をもとにさらにドメイン形成を促す分子設計と
して、疎水部の一部にフッ化アルキル基を導入した双頭型両親媒性分子を合成し、これらのドメ
イン構造形成の可能性について検討している。第５章では、これらの研究の総括について述べて
いる。 
 以上、本論文では、双頭型両親媒性分子の効率的な合成法を示すとともに、これらが形成する
二分子膜の安定性およびドメイン形成について極めて興味深い結果を示している。その成果は、
二分子膜の物性制御を目的とした分子設計指針に関し極めて重要な知見を与えるものであり、化
学・生命科学の両面から今後の発展に寄与するところが大きい。すべての研究計画とその実施に
おいて主体的な役割を果たしており、自立して研究活動を行うに必要な高度の研究能力と学識
を有することを示している。したがって、LI, Rui 提出の博士論文は，博士（理学）の学位論
文として合格と認める。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
